Multi-photon Rabi oscillations in high spin paramagnetic impurity. 
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We report on multiple photon monochromatic quantum oscillations (Rabi oscillations) observed 
by pulsed EPR (Electron Paramagnetic Resonance) of Mn 2+ (S=5/2) impurities in MgO. We find 
that when the microwave magnetic field is similar or large than the anisotropy splitting, the Rabi 
oscillations have a spectrum made of many frequencies not predicted by the S=l/2 Rabi model. We 
show that these new frequencies come from multiple photon coherent manipulation of the multi- 
level spin impurity. We develop a model based on the crystal field theory and the rotating frame 
approximation, describing the observed phenomenon with a very good agreement. 
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I. INTRODUCTION 

Quantum coherence of electron spin systems probed by pulsed EPR attracts a great interest due to its potential 
applications in quantum computation. Spin systems benefit from relatively large coherence and relaxation times, 
which makes them suitable as quantum bit implementations or as a new type of quantum random access memory 
[1-4]. Recent studies show that the dilution of spins in diamagnetic hosts significantly reduces spin-spin dipolar 
interactions and allows spin quantum manipulations. Such situations are well exemplified by systems like N atoms in 
C 60 [5], NV centers in diamonds [6, 7] , Er 3+ [8, 9], Yb 3+ [10] and Cr 5+ [11] ions and molecular magnets[12, 13]. 

The majority of studies on electron spin qubits uses S=l/2 isotropic systems, which prevents strong static effects 
due to the crystal field or unwanted non linear effects. However, coherent manipulation of a multilevel system is 
needed as the first step towards the implementation of the Grover algorithm[14-16]. 

Although several quantum continuous wave (CW) EPR spectroscopy studies have been reported years ago[17], 
coherent multiple photon EPR ( Rabi oscillations) have not been clearly demonstrated until recently [18]. 

In order to study quantum effects in multi level electronic spin systems, we chose Mn 2+ (S=5/2) ion implanted 
inside the diamagnetic host MgO. The cubic symmetry of MgO induces a small crystal field anisotropy on Mn 2+ 
and, as we will see in the following sections, the microwave magnetic energy can be brought to the same order of 
magnitude, an aspect shown to be instrumental in generating multi-photon Rabi oscillations. 



II. COHERENT DYNAMIC OF MGO:MN 2+ 
A. Spin Hamiltonian 

The spins 5=5/2 of the Mn 2+ ions are diluted in a MgO non-magnetic matrix of cubic symmetry F m ^ m (lattice 
constant 4.216 A). The Mn 2+ ions are located in substitutional positions of Mg 2+ ions. The high degree of symmetry 
ensures that the spins are seeing an almost isotropic crystalline environment and thus the fourth order magnetic 
anisotropy can be made much smaller than the Zeeman splittings. Interactions between Mn 2+ ions and symmetry 
deformations arc neglected. The spin Hamiltonian at resonance is given by [18-20]: 

H = a/6 [Si + S* + S*- S(S + 1)(35 2 - l)/5] (1) 
+7#o -S-AS-I + ~/h mw ■ S cos(27r/i) 

where 7 = g^s/h is the gyromagnetic ratio (g = 2.0014 the g-factor, \ib— Bohr's magneton and h— Planck's 
constant), a = 55.7 MHz is the anisotropy constant, A = 244 MHz is the hyperfine constant of 55 Mn (/ = 5/2), h mw 
and / represent the microwave (MW) amplitude and frequency respectively, and H is the static field (Ho -L h mw ). 
In our experiments, the static field ensures a Zeeman splitting of 7-ffo ~ / ^9 Ghz, much stronger than all the other 
interactions of Eq.(l). This implies that (i) J?o's direction can be approximated as the quantization axis and (ii) 
coherent MW driving is confined between levels of same nuclear spin projection mj. 



B. Experimental procedure 

Rabi oscillations measurements have been performed in a Bruker Elexsys 680 pulse EPR spectrometer working 
at about / = 9.6 GHz (A-band). All data have been recorded at room temperature. Multiple photon resonance in 
continuous wave (CW) non coherent spectroscopy is explained in Fig. 1. In pulsed EPR both the static field and MW 
frequency are fixed. In our experiments the static magnetic field has been chosen to be in the middle of the transition 
line -1/2 — >• 1/2. A microwave pulse Pr start at t = and coherently drive the magnetization. At the end of the pulse 
(t = tp) the magnetization must be recorded in order to be compared with the present theory. Because of the dead 
time of the spectrometer (r^t ~ 80ns), it is impossible to directly measure the magnetization right after the pulse Pr. 
However if the line is sharp enough we can simply record the free induction decay (FID) emitted by the system when the 
microwave field is shut down. This method gives the value of the density of population at the end of the pulse (Fig. 1). 
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FIG. 1. Multiple photon resonances in CW configuration, a) Schematic representation of the Zeeman levels (only 3 levels 
are shown) with increasing magnetic field. The red arrow is the conventional 1-photon transition. The blue arrows represent 
the 2-photon transition between | - 3/2) ->■ |l/2). b) CW spectra of MgO:Mn 2+ . At low MW power, only the 1-photon 
transitions are induced (red dashed lines) but when the MW power is increased, multi-photon transitions appear, c) The pulse 
sequence used in the multi-photon Rabi oscillation measurements, starting with a strong excitation pulse Pr which induces 
the multi- photon nutation. Right after the Pr pulse, the FID signal gives the transverse magnetization state between -1/2 and 
1/2. 



III. RESULTS AND DISCUSSIONS. 

Examples of Rabi oscillations are given in Fig. 2. At low MW power only the 1-photon Rabi oscillation is observed. 
When the MW power is increased a second kind of oscillation superimposes with the one-photon process. The Fourier 
transform of the Rabi oscillation clearly show 2 well resolved frequencies. 

In order to fully describe the experimental data we developed a model based on the Hamiltonian (1). Since the 
static field is much bigger than all the other interactions of (1), the quantization axis is defined by Hq. Once the 
static part of (1) is diagonalized, the full Hamiltonian (including the dynamical part) is transformed using the unitary 
transformation U(t) = exp(— i2irfS z t). Neglecting the counter rotation of the microwave radiation (rotating wave 
approximation) we get the Hamiltonian in the rotating frame : 



T-Lrwa = -^r-h mw m§ x + E — f§ z (2) 
The dynamics of Hamiltonian (2) is described by the time evolution of the 6x6 density matrix p(t): 

i-£ = [HRWA,p\- (3) 
In the rotating frame (Dirac or interaction picture), the solution is p(t) = U p (t)poU^(t) with po the matrix density at 
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FIG. 2. Rabi oscillations of the Mn 2+ ions in MgO when the microwave power is increased, for i?o||[lll]- The FFT clearly 
shows 2 Rabi frequencies: the higher one is induced by a 1-photon process whereas the lower frequency is due to a 3-photon 
process. 



thermal equilibrium : 

exp(-£/fcT) 

Po = a (4) 

Tr(exp(-E/kT)) 

and Up(t) is the propagator operator: U p (t) = exp(—i2TfHimrAt)- 

When the Rabi pulse Pr is applied, the spin population is coherently manipulated. At the end of the sequence a 
weak 7r/2 pulse will selectively probe the difference of population between states -1/2 and +1/2. The signal out of 
the spectrometer is S(t) = a _\ 12(f) — ci/2(i)- 

Results of the presented model are presented in figure 3. The MW field dependence of the Rabi frequency of 
the experimental oscillations are in very good agreement with the presented model. Note that no fit parameter has 
been used and all parameters have been take from previous independent studies [19, 20]. For iJo||[Hl] the frequency 
distribution is quite simple showing 2 kinds of Rabi oscillations: 1-photon and 3-photon. For i?o||[110] the frequency 
distribution is more complicated but still well describes by the model. In this case, there are 1-photon (Black squares) 
and 2 kinds of 3-photon process (red circles and purple triangle), coupling resonantly different levels of the 6-level 
spin system. 

We note that static field angular dependence studies [18, 21], not presented here, also shows also a very good 
agreement between this model and the experimental data. 



IV. CONCLUSION 



We report on single and multi-photon coherent rotations in a S — 5/2 spin system featuring a cubic anisotropy. 
We introduce a model, using only the spin Hamiltonian, that describes the experimental data with a very good 
agreement. These result are an important step toward the implementation of the Grover algorithm which need the 
coherent manipulation of a multilevel system. 
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FIG. 3. MW field dependence of the Rabi oscillations in MgO:Mn 2+ for 2 orientations between the crystal and the static field 
Ho. For both figures, the points are FFT peaks of the experimentally recorded Rabi oscillations. The contourplots have been 
computed numerically using the presented model. 
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